We present high-resolution trapped ion mobility spectrometry (TIMS) measurements for fullerene ions in molecular nitrogen. Three different charge states were studied (monocations, monoanions and dianions) with fullerenes ranging in size from C 60 to C 150 . Ions were prepared by either electrospray ionization (ESI, for mono-and dianions) or by atmospheric pressure chemical ionization (APCI, for monocations) of a preformed fullerene soot extract solution. We demonstrate that TIMS allows to identify (and separate) constituent isomers in favorable cases. Using DFT calculations based on known condensed phase structures and trajectory method (TM) calculations we can reproduce the experimental TIMS CCS N2 for fullerenes up to C 108 to within 0.5%. Using candidate structures based on quantum chemical predictions, we have also obtained structural information for fullerenes C 110 -C 150 -a size range not previously accessed in condensed phase studies. We find that soluble fullerenes in this size have near-spherical rather than tubular structures. While the TM programs presently available for CCS modelling do a remarkably good job at describing the ion mobility of high (and even giant) fullerenes we observe a slight but systematic size-dependent deviation between TIMS CCS N2 values and our best computational fits which may reflect systematic bonding changes as the cage size increases.
Introduction
The fullerene field dates back to a pioneering molecular beam photoionization mass spectrometry study of carbon clusters generated by laser vaporization. This demonstrated that 60 atom carbon clusters were significantly more abundant than other nearby cluster sizes 1 which was rationalized in terms of the particular stability of the now well-known icosahedral symmetry carbon cage structure. C 60 (I h ) comprises twenty hexagons and twelve isolated pentagons as was subsequently confirmed by preparing and structurally characterizing the molecule in bulk quantities. This is done in three steps: (i) fullerene containing carbon soot is generated by graphite electric arc discharge in argon (''Krätschmer-Huffman'' method), (ii) fullerene cages are extracted from this soot by solvent treatment and (iii) specific cages are separated from the extracts by column chromatography. 2 Apart from the dominant C 60 (I h ), C 70 as well other ''higher'' fullerenes can be isolated that way. Higher fullerenes such as C 76 , C 78 , C 80 , C 84 (and beyond) are present in the soot extracts in smaller amounts which decrease roughly monotonically with increasing cage size -reflecting low abundances in the raw material and poorer solubility.
Molecular structures of chromatographically isolated higher fullerenes have typically been determined by NMR and/or X-ray crystallography. All turn out to have ''conventional'' structures characterized by isolated pentagon ring (IPR) motifs. Often several isomeric forms of a given cage size are found to be present -also reflecting the kinetics of fullerene growth by graphite arc discharge. [3] [4] [5] [6] [7] It has been shown mathematically that the number of possible IPR cages for a given conventional fullerene nuclearity increases rapidly with cage size from 1 at C 60 to 335 569 for C 150 . Therefore, in structurally characterizing ever larger solvent extractable fullerenes, the abundance problems already alluded to are also compounded by an increasing number of structurally distinct coexisting isomers that may no longer be separable. As a consequence, NMR spectra eventually become too congested for structure determination. For related reasons, pristine fullerene single crystals suitable for X-ray crystallography can no longer be obtained. As a result, even though mass spectrometry indicates that much larger IPR cages (''giant'' fullerenes ranging in size to above C 150 ) are present in Krätschmer-Huffman fullerene soot extracts, structure determination was not feasible for fullerenes much beyond C 88 . 8, 9 More recently, it has been shown that adding dopants such as Sc or Sm 2 O 3 to the graphite rods used for arc a Institute of Physical Chemistry, Karlsruhe Institute of Technology (KIT), discharge can shift this limit up a little thus accessing sufficient amounts of C 90 10 and C 96 11 for X-ray crystallography. However, C 96 presently remains the largest pristine ''conventional'' fullerene which has been structurally characterized in condensed phase. An alternative approach which has been developed to address the problem of giant fullerenes is the functionalization of HPLC-separated fractions of higher fullerenes by chlorination or trifluoromethylation. This method has proven to be quite powerful and it has been possible to identify and structurally characterize specific IPR isomers for a large number of fullerene cage sizes ranging up to C 108 . [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] A drawback is however that such giant fullerene isomers can only be identified if they are functionalized in a well-defined way and if the corresponding derivatives can be crystallized. Furthermore, the reaction conditions for fullerene derivatization are often quite harsh and may be associated with isomerization and/or fragmentation. Consequently, it is unclear how the isomer distributions of empty cages contained in the soot extracts map onto those of the derivatives. Even when disregarding these issues, there are presently no structure determinations of extractable fullerenes beyond C 108 .
Over the years, ion mobility spectrometry (IMS) coupled with mass spectrometric detection has played a key role as a tool to gain structural information on fullerenes. Soon after the first molecular beam study of fullerenes in gas phase and following the structural characterization of C 60 (I h ) in condensed phase, von Helden et al. used IMS-MS to confirm that the 60-atom carbon cluster species formed by laser vaporization of graphite in helium has the same closed shell structure -to within experimental error. 27 Subsequently, both the Bowers and Jarrold groups applied IMS to show that sufficiently large carbon rings can be annealed into carbon cages thus shedding light onto their growth mechanism. 28, 29 In IMS, the mobility of an ion is typically measured in an inert collision gas. Its magnitude can be related to the orientationally averaged collision cross section (CCS), which in turn can be related to the molecular structure of the ionic species in question. There are several ways to do this. In the early-day IMS studies alluded to above, experimental cross sections were compared to predicted cross sections obtained by applying the projection approximation (PA) 30 to model structures from quantum chemical calculations. PA ignores the details of the fullerene-ion bath gas interaction (beyond the assumption of element-specific hard sphere radii). Nevertheless, PA (coupled with achievable mobility resolution) was accurate enough to allow differentiation of fullerene cages from rings or chains having the same mass-to-charge ratio. This was especially the case since the corresponding studies were conducted in heliumfor which the attractive interaction with the drifting ion is small due to the small polarizability of the collision gas. Nevertheless, this interaction is not negligible, as was shown by comparing the mobilities of C 60 n+ and C 70 n+ versus (positive) charge for n = 1-4:
the mobilities grow less than linearly with charge, implying that the interaction potential is more complicated than simple hard sphere. 30 More accurate modelling of the experimental CCS can be achieved, e.g., by using a Lennard-Jones (LJ) type potential to describe the fullerene -bath gas interaction.
Correspondingly, Wyttenbach et al. measured the temperature dependence of the C 60 + mobility in helium and extracted the LJ-parameters for the C-He interaction based on the accurately known molecular structure. 31 Using analogous experimental data Mesleh et al. developed the trajectory method, 32 in which the (fullerene) ion-bath gas interaction is described by a sum of LJ-type interactions between each atom of the drifting molecular ion and the bath gas (helium) atom. Using this interaction potential (and a structural model of the ion), a series of trajectories are run for randomly oriented ions and the resulting scattering angle distribution is then calculated. Finally, the predicted CCS of the structural model is obtained from the scattering angle distribution by averaging the collision integral. This number is then compared with the experimental value. Apart from C 60 , larger carbon clusters ranging in size up to C 240 formed upon laser vaporization of graphite in a continuous flow of helium have also been investigated by IMS and results interpreted in terms of closed shell fullerene cage structures. 32 Recently Misaizu et al. 33 have used IMS to study even larger carbon clusters formed in this way. They showed that apart from single-shelled cages, double-shelled fullerene onion cages begin to be observed starting at roughly C 260 + . With the availability of bulk quantities of C 60 and C 70 , laser vaporization of fullerene films instead of graphite has opened up another way to create giant carbon clusters in gas phase. C 120 À , C 130 À , and C 140 À have been made with this method and investigated by high-resolution IMS. 34 In all cases two isomer families were observed that have been assigned to: ''dumbbell'' -like [2+2]cycloadducts of (two) C 60 and/or C 70 cages or giant closed-single-shell fullerenes, respectively. By comparison with quantum-chemically optimized structures, the authors concluded that the giant closed-shell fullerenes formed by high energy laser vaporization/desorption of preformed C 60 have preferentially spherical instead of elongated tubular geometries (and that trajectory calculations are necessary to assign the structures correctly). 35 In a related IMS study, it was shown that all-carbon coalescence products formed upon laser vaporization of C 60 O have closer to spherical than tubular structures up to cluster sizes in excess of C 240 + . 36 In all previous IMS studies of carbon clusters in the high (and giant) fullerene size range, the corresponding ions were created in gas phase either by laser vaporization of graphite or of preformed C 60 /C 70 . It is unclear whether these high energy, laser-assisted production methods yield the same (fullerene) isomer distributions as are obtained in bulk-scale fullerene synthesis by carbon arc discharge. Such comparisons would require an ion mobility resolution sufficient to resolve individual isomers of a given cage size. Previous IMS studies of large carbon clusters have generally been performed at insufficient resolutions, CCS/DCCS, on the order of 30-50. While the Jarrold group in fact pioneered high resolution drift tube IMS and achieved mobility resolutions in excess of 150 in helium, they did not systematically apply their method to this problem (other than to the fullerene dimer study already alluded to above). Meanwhile, there has been a breakthrough in high resolution analytical IMS-MS based on the development of a novel IMS platform: the trapped ion mobility spectrometry (TIMS) method routinely allows for mobility resolutions in excess of 200 in molecular nitrogen collision gas. 37 TIMS has recently been commercialized and adapted to various ion sources (including electrospray ionization) as well as to high repetition rate time of flight mass spectrometry. This makes systematic high resolution ion mobility measurements of the components of graphite arc fullerene soot extracts feasible. 38 This is the focus of our study in which we explore the structure of such fullerene cages ranging in size from C 60 up to C 150 , which we study in up to three different charge states for a common nuclearity: C 2n + , C 2n À and C 2n
2À
. For this we use two different (soft) ionisation techniques: electrospray ionisation (ESI) for singly and doubly charged fullerene anions and atmospheric pressure chemical ionisation (APCI) for singly charged fullerene cations. The high trapped ion mobility spectrometry resolution allows us to differentiate between isomers of a given cage size on the basis of their collision cross sections in selected cases. Our measurements are performed in molecular nitrogen instead of helium. This makes the comparison with theory somewhat more challenging (due to the higher polarizability of nitrogen, which leads to an increased attractive interaction with the drifting ion) but offers the opportunity to investigate and improve the CCS modeling procedure by using known structures of the smaller fullerenes (C 60 , C 70 , C 76 ,. . .) as calibrants. On the basis of this calibration procedure we clearly establish that the giant fullerene components of our fullerene extracts consist of near spherical rather than tubular structures.
Methods

Substances and instrumental methods
The mixed fullerene sample used for most of the experiments reported here has been obtained by extraction of pure carbon and lanthanum oxide doped carbon arc-discharge soots with dichlorobenzene. 39 It has been column chromatographically enriched in higher fullerenes and contains predominantly C 84 , but also minor amounts of smaller and larger fullerenes as well as some lanthanum containing endohedral metallofullerenes. It has been stored as a solution in dichlorobenzene for several years prior to this study (without taking particular precautions to exclude, light, oxygen or water). In the following we call this sample ''fullerene mix''. Samples of C 78 isomers were enriched and separated from the fullerene mix using a two step preparative scale HPLC procedure. First a Cosmosil Buckyprep column (Nacalai Tesque, toluene as mobile phase) was used to fractionate C 78 isomers from other high fullerenes (similar to the process reported in ref. 5). In a second HPLC step, the C 78 fraction was further separated into constituent isomers by using a Wakosil II 5C18 AR HPLC column (Wako Chemicals, toluene/acetonitrile as mobile phase) similar to the procedure of Kikuchi et al. 40 Specifically, we have prepared two different C 78 samples enriched in primarily C 78 (1) (D 3 ) and primarily C 78 (2) (C 2v ), respectively. Mass spectra were obtained with an LTQ orbitrap XL and a Bruker timsTOF mass spectrometer. Ion mobility measurements were performed in nitrogen with a Bruker timsTOF mass spectrometer with an electrospray ionisation (ESI) source for the anionic fullerenes and an atmospheric pressure chemical ionisation (APCI) source for the cations. For ESI, the fullerene mix (see above) solution in dichlorobenzene was diluted with toluene (1 : 10) and a small amount (ca. 1 part in 10 000 parts toluene) of tetrakis(dimethylamino)ethylene (TDAE (Sigma)) was added to the solution as reducing agent. The ESI source was operated in negative mode, with a spray voltage of typically 3.5 kV and a flow rate of 3 ml min À1 . For APCI the fullerene mix was diluted (1 : 5 : 5) with toluene/acetonitrile. The source was operated with an ionisation current of 5000 nA and a flow rate of typically 10 ml min À1 . The mobilograms were recorded in the high-resolution mode (''custom'') with the longest feasible ramp time (500 ms) and a 1/K 0 interval width of typically 0.05 V s cm À2 (in some cases 0.1 or 0.03 V s cm À2 ). Note, that the resolution increases with the ratio of ramp time to interval width. 37 Under these conditions, the resolving power of the timsTOF (determined as CCS/DCCS) was typically above 200 in the CCS range of 200 Å 2 and 250 in the CCS range of 300 Å 2 . (Note that the resolving power of a TIMS instrument increases with CCS). A TIMS measurement requires calibration with reference ions of known CCS. We used the low concentration ESI tunemix (Agilent) and the APCI tunemix (Agilent) which is a mixture of phosphazene derivatives with cross sections determined in both negative and positive mode by Stow et al. 41 For each measurement run a calibration run was recorded simultaneously (under identical conditions, i.e. identical RF-voltages, ramp speed and width, tunnel pressure and temperature). This procedure results in highly reproducible (within 0.5%, see below) CCS values.
Computational methods
In order to confirm or rule out the presence of specific fullerene isomers in the essentially fragmentation free ion beams resulting from the fullerene mix (and thus to check for their presence in the soot extracts themselves), experimental CCS values were compared with computationally determined cross sections. The corresponding starting geometries (for neutral fullerenes) were obtained as xyz-files with the FULLFUN 42-44 software. Beginning with these neutral starting structures, all (di)anion and cation geometries were fully optimized, i.e. without any symmetry restrictions, using the density functional method (DFT) with the BP-86 functional 45, 46 and the def-SV(P) basis set 47 as implemented in the TURBOMOLE 48 package. Unless otherwise noted we used the Mulliken population analysis to assign partial charges on each atom. Compared to the starting neutral geometries, the structures of the optimized ions differ only slightly. Therefore we characterize them with the Schoenflies symbol of the corresponding neutral species, and (since that is not distinct for the larger fullerenes) with the isomer numbers assigned to them according to the ring spiral algorithm. 49 The optimized ion geometries and partial charges (see ESI †) formed the basis of systematic trajectory method (TM) calculations as implemented in the IMoS 1.09 package. 50, 51 We also obtained very similar results with the TM method as implemented in the Mobcal 32, 52, 53 and Collidoscope 54 programs, see ESI. † The interaction of a fullerene ion with the nitrogen buffer gas is modeled with a Lennard-Jones (LJ)-type interaction plus ion-induced dipole potential
with e and s representing element specific LJ parameters (the default C-N 2 -LJ-parameters in IMoS1.09 are e = 4.65 meV and s = 3.5 Å). 55 a is the polarizability of nitrogen, 1.74 Å 3 , q l are the partial charges on each carbon atom, R l is the distance between the respective atom and nitrogen, and X il its Cartesian component. Since the nitrogen bath gas molecule is anisotropic and therefore has quadrupole moment, the ion-quadrupole interaction might also be taken into account. The quadrupole moment of molecular nitrogen is modeled in IMoS by placing 3 partial charges (q i ) at the appropriate positions (À0.4825 on each nitrogen, +0.965 at the center) 56 to reproduce the bulk quadrupole moment. This expands eqn (1) by an additional term:
we performed trajectory calculations with and without the ionquadrupole interaction, see below. Based on the fullerenenitrogen interaction potential, the scattering angle (w) was calculated by a series of trajectory calculations. Then the momentum transfer cross section (CCS) was obtained by numerical integration of w. 56 For each system 5 Â 10 6 trajectories were run.
Results and discussion
Mass spectra and TIMS measurements
Mass spectra of the fullerene mix (ESI, negative mode, APCI, positive mode) were obtained with either an Orbitrap LTQ XL (Thermo Scientific) or with the Bruker timsTOF used for the IMS studies reported here. Typical measurements at mass resolutions of respectively 100 000 and 20 000 for Orbitrap and timsTOF can be found in Fig. 1 . Fig. 1a shows ESI mass spectra in negative ion mode obtained with the Orbitrap. The dominant peaks are C 84 À , C 86 À , C 90 À and C 96 À as well as their dianions. Fig. 1b shows the same spectrum on a logarithmic scale. Higher fullerenes up to C 150 can be found with very small but clearly detectable intensities. Note the presence of small but significant amounts of La 2 C 80 . The main impurities are oxidation products such as fullerene oxides and hydroxides. Fig. 1c shows the cations as measured using an APCI source with the Bruker timsTOF. We measured collision cross sections in nitrogen at T = 300 K, for all anionic fullerenes, C 2n À , in the range between C 60 À and C 150 À (except for C 62 -C 68 , C 72 , and C 74 which are either not formed by arc discharge, not extractable from the corresponding fullerene soots with dichlorobenzene or not ionizable by ESI/APCI under the conditions used) as well as for all of the respective dianions, C 2n
2À
, up to C 140 2À , see Table 1 and Fig. 2 .
Consistent with previous literature, we could not observe C 60 2À (even when using a pure C 60 -solution and TDAE in toluene instead of the fullerene mix). It is known that room temperature C 60 2À is not stable with respect to electron loss and decays into C 60 À on a millisecond time scale. 57 Anionic and dianionic signal levels were sufficiently stable and reproducible to allow a rough determination of intensity ratios as a function of cage size. The relative dianion intensity increases dramatically by more than two orders of magnitude from C 70 to C 142 (see ESI, † Fig. S1 ), which is in line with previous measurements 58 and can be rationalized by the increase of the second electron affinity with the number of carbon atoms (0.02 eV for C 70 , 0.325 eV for C 76 , 0.615 eV for C 84 (D 2d )). 59, 60 Interestingly, we do not observe any triply negatively charged ions. If present after ESI, room temperature thermal activation is sufficient to deplete any such species prior to detection. The cations were ionized by APCI (from a 1 : 5 : 5 solution in dichlorobenzene, toluene, acetonitrile). In this case the largest fullerene cation for which we could determine a CCS value was C 96 + , due to a poorer signal-to-noise level compared to the ESI ionized (di)anions (from the same fullerene mix). The respective CCS values determined by timsTOF in nitrogen for fullerene cations, anions, and dianions are summarized in Table 1 and Fig. 2 .
As can be seen from Fig. 2 the experimental CCS values of fullerene cations and anions with the same number of atoms agree to within ca. 1% -with the cations being slightly smaller. The dianions on the other hand were found to have CCS values that are 10-15% larger than those of the corresponding monoanions. The results are summarized in Table 1 . The standard deviation of the mean value (based on at least 3 measurements) was below 1 Å 2 or 0.5% in all cases. Since we always measured a series of fullerenes in one run, under identical conditions (pressure, temperature, RF-voltages in the tunnel, IMS-ramp speed) the relative error, i.e. the uncertainty of the CCS ratio of C 60 and C 70 for example, was even smaller and typically below 0.3% (see Fig. 3 ). For C 60 + 53 respectively, within 2% of the results obtained here (note that the data of ref. 53 were recorded with a drift tube IMS instrument; a cross-platform deviation of 2% is typical for IMS studies).
Modelling CCS values
We model the experimental data using DFT calculations of molecular structures (as well as their charge distributions) and trajectory method simulations of collision integrals with three goals in mind.
(i) Examination and improvement of the trajectory method modelling procedure. The experimental data set comprises CCS values also for fullerenes which are well-known from condensed phase studies. Fullerenes up to C 96 have been structurally characterized in neutral form and their structures can be used as the basis for high-accuracy DFT calculations of the corresponding ions. In addition, we have determined CCS values for multiple charge states including also fullerene dianions which have not been previously characterized by IMS. Finally, CCS The number of IPR isomers increases with cage size and multiple IPR isomers of a given cage size have in fact been chromatographically separated in condensed phase (demonstrating that multiple energetically close-lying structures may coexist in appreciable relative amounts in fullerene soots). It seems interesting to establish whether the improved ion mobility resolution associated with timsTOF is sufficient to rapidly resolve or even fractionate these (and other previously unknown) isomers.
(iii) Global structure assignment of giant fullerenes. Beyond the size range for which there are condensed phase structure determinations, CCS values have been obtained with a high enough resolution to allow for a rough structural assignment based on improved modelling procedures.
We begin by assuming that the characteristic neutral isomer distributions present for all cage sizes in the starting fullerene mix solution is mapped onto the three different isolated charge states without significant relative abundance perturbations (e.g., due to isomer-specific differences in ionization and volatilization efficiencies). Then, in order to compare the experimental CCS values with theory for the respective fullerene ions we have performed geometry optimizations at the DFT level with the TURBOMOLE package without symmetry restrictions for charge states +1, À1 and À2 (based on the neutral fullerene starting geometries). In each case we have assigned partial charges to the optimized geometries via a Mulliken population analysis. Finally, we have performed trajectory calculations using the IMoS1.09 package. A crucial point is the parameter choice for these simulations: we always set the temperature to 299 K, since this was the temperature at which the tunemix CCS values used in the calibration procedure were measured (to within 1 K this was also the temperature of our TIMS tunnel). The carbon Lennard-Jones parameters used corresponded to the default values implemented in IMoS, i.e. r = 3.5 Å and e = 4.65 meV, unless otherwise noted. These parameters are based on a least squares fit of calculated and measured CCS values for a set of 16 small molecules 55 In order to evaluate the quality of the methodology, we choose five different fullerenes C 60 , C 70 , C 76 , C 84 , and C 96 as a test set (in three different charge states, respectively), because their structures are well known: for C 60 , C 70 , C 76 only one isomer can be present in our soot extract (C 60 and C 70 have only one IPR-isomer, C 76 has two, of D 2 and T d symmetry, but only the D 2 isomer is extractable with dichlorobenzene). 61 C 84 consists of predominantly two structurally very similar isomers with D 2 and D 2d symmetry -test calculations show that they have basically the same CCS (within 0.5 Å 2 , or 0.2%) independent of charge state. For C 96 the situation is similar, most isomers observed in condensed phase and confirmed by X-ray diffraction 16, 18 differ in predicted CCS by less than 0.7 Å 2 (or 0.3%) -the lowest energy isomer being C 96 (183) with D 2 symmetry (the numbers in parentheses refer to the spiral algorithm). 49 We choose the C 96 (183) D 2 symmetry structure as basis for the test calculations. Note that Balch et al. 11 have also found a tubular C 96 (3) and a somewhat more spherical C 96 (181) isomer for which we predict CCS values (for the monoanions) of 282.9 Å 2 and 275.8 Å 2 , respectively, which are 6% (3%) above our experimental value of 267.2 Å 2 i.e. these isomers are clearly not present in our fullerene mix (Note that the resolution obtained for C 96 exceeds 200, i.e. CCS differences as small as 2 Å 2 can be resolved, see below). Perhaps, the tubular Fig. 3 Typical mobilograms of C 60 À and C 70 À recorded in the same measurement runs on three different days. Identical colors indicate identical runs. Within the same run, peak maxima can be determined to a relative accuracy of significantly better than 0.5%. 38 isomer was accessed in the Balch study due to a Sm dopant added to the carbon rods in order to also generate Sm endohedrals for an additional study. With this fullerene test set we have performed trajectory calculations using five different methods (1) (2) (3) (4) (5) . The various methods and corresponding results are summarized in Table 2 . The numbers in parentheses are the deviations (in percent) from our experimental values. Method 1 uses the default Lennard-Jones parameters and incorporates interactions of Mulliken charges with polarizable N 2 (using the IMoS standard average static dipole polarizability of molecular nitrogen of 1.74 Å 3 ). It does not consider charge quadrupole interactions (cf. eqn (2) which is set to zero, i.e. qpol = 0 in IMoS). As can be seen, the agreement between experiment and calculation depends on the charge state. For the cations the calculations predict CCS values that are on average 2.5% larger than experiment, for the anions the deviation is slightly smaller, the predicted CCS values are around 2% larger than experiment. In both cases the deviation increases with fullerene size. Interestingly, the dianions fit much better: for them the calculations predict CCS values that are on average 0.6% smaller than the experimental values with no obvious trend. As a quality parameter we define the sum of the errors squared over all 14 test set ions (C 60 2À cannot be studied, since it is not stable). For method 1 we obtain a score of 53.8. The overall agreement between experiment and calculation with this method is reasonable and within the AE2% interval usually accepted in ion mobility spectrometry, but well outside our experimental uncertainty of 0.5%. More alarming is the fact that the CCS deviations for different charge states show different trends with size. Next we look into the reasons for this (note that with the other TM programs available, Mobcal 32, 52, 53 and Collidoscope 54 we obtain similar scores, see ESI †). The first question one might ask is why is there a 10-15% difference between experimental CCS values for equi-nuclear anions and dianions at all. This is clearly not a geometric effect, as can be easily seen for C 84 as an example: The average diameters based on the DFT-optimized geometries of C 84 + , basically the same (all geometries are optimized without symmetry restrictions using the D 2 -geometry as starting point). The 1 per mil diameter difference between anion and dianion translates into a 2 per mil difference in (geometrical) CCS. This is far smaller than the experimentally observed average difference of 13.3%. Obviously the charge -induced dipole interaction, the second term in eqn (1) is responsible for the observed CCS difference. In order to evaluate its influence on the CCS we performed test trajectory calculations with this interaction switched off by artificially setting the polarizability of N 2 to 0. The results are also summarized in Table 2 as method 2. Now all cross sections come out to be too small (except C 96 + ), especially for the dianions, for which basically the same CCS as for the anions is obtained. As a consequence, the mean square error (Sw 2 ) increases dramatically by more than a factor of 10 to yield a score of 772.8 for method 2. This underlines the importance of the charge-induced dipole interaction in the CCS trajectory calculation with nitrogen as bath gas (note that for helium the effect would be much smaller due to its 8.5 fold smaller polarizability). The question that remains is why is the experimentally observed cross section increase of 10-15% between anions and dianions only partially reproduced in the calculations when using method 1? The calculations based on Mulliken charges, and the default Lennard-Jones parameters implemented in IMoS apparently systematically underestimate the CCS ratio for dianions and anions, for example: CCS(C 84 2À )/ CCS(C 84 À ) = 1.106 (calc.) vs. 1.134 (exp.). A possible explanation lies in the quality of how the partial charges on each carbon atom are assigned. We used Mulliken population analysis, but several other methods such as the natural bond analysis scheme are feasible. However, it turns out that these schemes give basically the same CCS as Mulliken (see ESI, † Tables S2  and S3 ) and as a consequence we stick with the Mulliken population analysis. Another reason for the observed difference could be the quadrupole moment of nitrogen that has not been included in trajectory calculations using methods 1 and 2. Besides Lennard-Jones and charge induced dipole interactions the next interaction of importance is ion-quadrupole. The quadrupole moment of nitrogen can be included in IMoS (option qpol = 1), this requires adjustment of the LJ parameters in IMoS, however. The default parameters implemented in IMoS for inclusion of the nitrogen quadrupole moment are r = 3.22 Å and e = 3.57 meV. The corresponding CCS data are summarized in Table 2 , method 3. Now all the CCS values calculated with this method turn out to be somewhat too large. Note however, that the predicted CCS ratio of dianions to anions is a little closer to the experimental value, for example CCS(C 84 2À )/CCS(C 84 À ) = 1.113 (calc.) vs. 1.134 (exp.). But the difference is still significant and the Sw 2 -score is 74.6, worse than with method 1. Obviously, inclusion of the ion-quadrupole interaction alone does not solve the problem.
The key is the charge induced dipole interaction, which depends not only on the partial charge distribution of the ion but also on the polarizability of nitrogen, a N 2 . The calculated CCS ratio of dianions to anions strongly depends on a N 2 , a parameter which can be set in IMoS. If we increase the value of the average static dipole polarizability of molecular nitrogen in our trajectory calculations from its literature value 62 of 1.74 Å 3 to 2 Å 3 it becomes possible to reproduce the experimental CCS(C 84 2À )/CCS(C 84 À ) ratio. The rationale for treating a N 2 as an adjustable parameter in our trajectory calculations (instead of a constant) is the following: the dipole polarizability of N 2 is anisotropic, but this anisotropy is neglected in IMoS (and in all other trajectory method programs such as Mobcal or Collidoscope). A small adjustment in the absolute value of a N 2 might compensate for this. Unfortunately, the parameters are not completely decoupled: changing a N 2 to 2 Å 3 fixes the dianion/anion CCS-ratio problem, but the absolute CCS numbers are still off by a few percent. Therefore, in a second step we adjusted the carbon Lennard-Jones parameter r from its default value of 3.22 Å to 3.145 Å (while keeping e at its default value of 3.57 meV) in order bring the calculated CCS of both C 84 À and C 84 2À into agreement with the experimental CCS value (note, that the default value parameter is the result of a least squares fit to the experimental CCS of only 16 small, cationic molecules 55 ). With these parameters (Mulliken charges, a N 2 = 2 Å 3 , r = 3.145 Å, e = 3.57 meV, with ionquadrupole interaction on, i.e. qpol = 1), which we name method 4, we are able to reproduce the experimental CCS values of all 14 ions in our test set to within 0.3% on average with a maximum deviation of 0.7% (for C 70 2À and C 96 + ), see Table 2 . We obtain a Sw 2 -score of 2.2, much better than with the other methods. As a consequence we will use method 4 and its associated parameters in the following for global structure assignment of the giant fullerenes above C 96 . Note that when applying method 4 to the test set, the errors are smallest for the (mono)anions. The dianions show a somewhat larger variation and it seems that the calculation slightly overestimates the CCS values below C 84 2À and underestimates those above. Therefore, we will focus in the following on the monoanions. We note in closing this subsection, that an alternative, more pragmatic, but purely empirical procedure is to multiply the CCS values calculated with method 1 with a charge-specific scaling factor based on a least-squares fit to the experimental CCS for our C 60 -C 96 test set. From such a fit we obtain three scaling factors: 0.9815 for the anions, 0.9743 for the cations, and 1.0057 for the dianions. If we scale the method 1-CCS values accordingly, the Sw 2 -score (1.2) is of course even smaller than for method 4 but we have to accept three empirical factors. We include this procedure as method 5 in Table 2 , but stick in the following with method 4, which can be better rationalized on a theoretical basis.
3.2.2 Isomer assignment and isomer separation. In the size range below C 110 , a large number of isomers has been structurally characterized in condensed phase by different methods such as NMR and X-ray diffraction -without (below C 98 ) or with (above C 88 ) functionalization. [4] [5] [6] [7] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] With the DFT and trajectory method procedure outlined above (method 4), we calculated the CCS values for the geometry optimized charged fullerene structures corresponding to those isomeric carbon cage connectivities which have been observed in condensed phase and compared them with the experimental CCS values, see Table 3 and Fig. 4 . The goal was to evaluate whether the high resolution (CCS/DCCS 4 200) achievable with TIMS allows for the identification (or even ''chromatographic'' separation) of some of these isomers. The smallest fullerene that has two IPR-isomers is C 76 : C 76 (1) with D 2 symmetry and C 76 (2) with T d symmetry (the numbers in parentheses refer to the spiral algorithm). 49 Only the D 2 isomer is extractable from the arc-discharge soot. 3 Note, that the T d isomer has indeed been identified by functionalizing C 76 with CF 3 I at 500 1C directly in the soot, avoiding the extraction step. 61 According to our calculations, the CCS of the two IPR isomers of C 76 differ by 0.7%. Therefore, if present, they should be easily separable with TIMS, since we can achieve resolving powers exceeding 200, as confirmed by control measurements with tunemix (ramp width 0.05 1/K 0 , duration 500 ms). As can be seen in Fig. 5a for C 76 À we obtain a single peak at 238.1 Å 2 with a CCS-to-DCCS ratio of more than 200, i.e. close to instrumental resolution. This shows that in our fullerene mix, only one C 76 isomer is present in appreciable amounts. It has a CCS that corresponds to the D 2 isomer (237.9 Å 2 ). For C 78 À from the fullerene mix we observe a significantly larger peak width in the mobilogram, see Fig. 5a and Fig. S2 (ESI †). Unlike the position of the peak maximum, the peak width depends somewhat on the instrumental conditions, especially on the ion load (reflecting space charge effects). This effect can be minimized by reducing the accumulation time before the funnel. Nevertheless, widths can still vary a little from run to run. Overall though, the increased peak width for C 78 compared to its neighbors C 76 and C 80 (see below) is highly reproducible. For C 78 it is known that several isomers are present in the extract and can be separated by HPLC, namely C 78 (1) (D 3 ), C 78 (2) (C 2v ) and C 78 (3) (C 2v ). 4 Using literature procedures, 40 we prepared fractions of C 78 (1) and C 78 (2) from our fullerene mix sample and injected the purified fractions into the timsTOF under identical conditions. Fig. 5b shows a typical run: the fraction containing C 78 (1) has a slightly larger CCS than C 78 (2) . The difference depends somewhat on the conditions and varies in the range between 0.5 and 1 Å 2 . This is perfectly in line with the trajectory calculations which predict a difference of 1 Å 2 , with C 78 (1) having the larger CCS. This shows that under favorable conditions, TIMS can be used to identify and fractionate IPR fullerene isomers. Although still limited by its resolving power (further improvements may be possible by raising the ramp scan time), TIMS has two important advantages over HPLC: first, it is extremely fast, a TIMS run is performed in less than a second, even averaging over 100 individual runs requires less than a minute. Second, and more importantly, it is possible to directly connect an experimentally obtained CCS value to a DFT candidate structure, as outlined above. This is not possible with HPLC as the interactions between fullerenes and column material as well as fullerenes and solvent are much harder to describe than for fullerene ion/N 2 interactions.
The mobilogram for C 80 is as narrow as the C 76 -mobilogram (i.e. instrument limited). The experimental CCS value is 244.6 Å 2 . Seven IPR-isomers are known to exist for C 80 , i.e. have Fig. 4 Comparison of calculated (with method 4, see text) and experimental TIMS CCS N2 for the fullerene monoanions shown in Table 3 and discussed in the text. These correspond to all cases for which cage structural information is presently available from condensed phase studies. The numbers correspond to the respective isomer according the ring spiral algorithm (see Table 3 ). Isomers with CCS that deviate by more than 0.5% from the experimental value can be ruled out. There appears to be a systematic trend from negative to positive deviations with increasing number of carbon atoms, which would imply that method 4 slightly overestimates CCS for smaller cages and underestimates for larger ones. Note however that the fullerene isomers identified crystallographically in condensed phase do not necessarily represent the isomer composition of our fullerene mix. 
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Phys. Chem. Chem. Phys., 2019, 21, 18877--18892 | 18887 been isolated from arc-discharge soot extract, among them the D 2 isomer C 80 (2) and the D 5d isomer C 80 (1) . 5, 63 Another isomer, C 80 (5) has been isolated directly from the soot with the same methods as used for C 76 (2), 61 but it is insoluble in the solvents used here and therefore should not be present in the extract we have investigated. We calculated the CCS for these C 80 isomers and compared them with the experimental value. The D 2 isomer, C 80 (2), agrees with the measurement to within 0.1%, while the tube-like isomer C 80 (1) with D 5d symmetry has a 0.6% larger CCS. The quasi-spherical C 80 (5) as well as C 80 (7) isomers are 0.7% smaller than the experimental value and can also be clearly ruled out. Note, that the mobilogram consists of only one narrow peak with a CCS-to-DCCS ratio of more than 200 (see Fig. 5a ). As for C 76 , the narrow peak width observed for C 80 implies that only one isomer prevails. Interestingly, the DFT calculations do not predict the D 2 isomer C 80 (2) as global minimum. For neutral and cationic C 80 , isomer C 80 (1) is lowest in energy. For the anion it is C 80 (5) and C 80 (3) . However, the D 2 -isomer based species lies within a few tenths of an eV of these lowest energy forms, independent of charge state. We note in passing that free energy differences at elevated temperatures have been proposed as more relevant for describing detailed fullerene isomer distributions as generated by arc discharge. 64 For C n (82 r n r 108) several isomers have been isolated from soot extracts for each n. 4, 6, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] 65 In most cases the lowest energy isomers of these agree within 0.4% with our experimental CCS value. For C 82 , Achiba 4 identified two isomers, C 82 (7) with C 3v symmetry and C 82 (9) with C 2v symmetry. Both agree to within 0.3% with each other and with the experimental value. We cannot distinguish between them. For C 84 , two isomers, C 84 (22) with D 2d symmetry and D 2 -C 84 (23) dominate. Their CCS are almost identical (within 0.2%), an observation which we have already used to justify the choice of C 84 as a CCS calibration point for the fullerene test set calculations above. Note that besides C 84 (22) and C 84 (23) several other isomers have been identified in much lower abundance. 6, 25 In the size range above C 84 the peak widths tend to increase, i.e. the CCS-to-DCCS ratio decreases to values below 200 which is the instrumental resolution in this CCS range (see Fig. S2 , ESI †). This indicates that for each fullerene, several isomers must be present in the extract that cannot be resolved by TIMS. For C 90 46 IPR isomers exist, among which C 90 (45) has been predicted to be the most stable, 66 which is in line with our calculations. Experimentally, a rather large number of isomers have been reported, 10, 14 most of them within a few tenths of an eV of the lowest energy form and with CCS values within 0.5% of the experimental value. An interesting exception is C 90 (1) which is basically a small nanotube, with C 60 -halves as end caps. This species has a predicted CCS that is more than 2% above our experimental value and is energetically unfavorable relative to C 90 (45) . Nevertheless it has been experimentally observed by using Sm 2 O 3 doped graphite-rods in the arc-discharge. 10 We can clearly rule out that it is present in more than 1% relative abundance in our fullerene mix. For C 96 the situation is comparable to C 84 in as much as the experimentally confirmed isomers have very similar CCS (except C 96 (3) and C 96 (181) which can also be ruled out to be present in our fullerene mix, see above). That is the reason why we used it as calibration point as well. For C 100 , 450 IPR isomers are topologically possible, of which four have been identified experimentally in previous studies (C 100 (1), C 100 (18) , C 100 (417), and C 100 (425)). 20, 21 Among these, C 100 (425) is energetically favored, according to our DFT calculations, and its predicted CCS value agrees to within 0.1% with our experimental observation. C 100 (1) has a nanotube-like structure (similar to C 80 (1) and C 90 (1) which we do not observe either), and therefore it has a significantly larger CCS than the almost spherical C 100 (425). C 100 (1) is 1.68 eV less stable and its cross section is 3% above the experimental value. We can clearly rule it out as being present in our soot extract. The same holds true for C 100 (18) with a CCS 1.6% larger than experiment. For C 104 , three cage isomers have been identified by X-ray diffraction so far. 23 For C 102 , C 106 and C 108 , respectively, there is only one reported structure. 22, 24 Except for C 104 (812) which is 1.4% above the experimental value, the calculated CCS of all isomers agree with our experimental values to within 0.7%. However, in all cases the TIMS peak widths imply that several isomers must be present.
Structures of giant fullerenes.
What are the structures of the fullerenes larger than C 108 ? The situation is complicated by the fact, that the number of possible isomers grows exponentially with the number of carbon atoms: while there is only one IPR-isomer for C 60 and C 70 , there are 450 for C 100 and 335 569 for C 150 . It was not possible for us to calculate all of the IPR isomers between C 110 and C 150 at the DFT level. We focused instead on two limiting cases: ''Tubes'' and ''Spheres''. The model tubes were constructed by cutting a C 60 molecule into two halves and adding one or more C 10 rings in between. This results in a homologous series starting at C 70 with a spacing of 10 atoms (see Fig. 6 ). The next members are C 80 (1), C 90 (1), and C 100 (1) -which have already been discussed above. The structures of the complete series up to C 150 were created as xyz-files with the FullFun software and are of D 5h or D 5d symmetry, respectively. All geometries were optimized at the DFT level without symmetry restrictions. In order to generate model spheres, we used the FullFun software to tabulate all IPR isomers for each cage size of interest. Then we searched for those structures whose xyz-files show the smallest variation in carbon atom distances from the cage centers, i.e. structures that come closest to a sphere. We focused on the same number of carbon atoms (60, 70, 80,. . ., 150) as was screened for the model tubular structures. For C 80 , this is isomer C 80 (7) with I h symmetry, for C 90 it is C 90 (46) and for C 100 it is C 100 (449). Based on the DFT geometry optimizations, we then performed trajectory calculations (using method 4, see Table 2 ) to obtain CCS predictions for anions and dianions -in both types of model structure. For a given number of carbon atoms, the tubes are expected to have the larger CCS values. This is confirmed by the results of the DFT and trajectory calculations summarized in Table 4 . As a general rule (for both monoanions and dianions), the spherical structures are significantly lower in energy (except for C 80 ). This DFT energy difference between tubes and spheres increases with the number of carbon atoms -from around 1.5 eV for C 90 up to more than 6 eV for C 140 , independent of charge state (as also predicted in earlier calculations [67] [68] [69] . The cross sections of equi-sized tubes between C 80 and C 150 differ by 6-14 Å 2 , with the spheres in much better agreement with the experimental CCS values. For fullerenes with more than 100 carbon atoms, the CCS values predicted for tubular structures differ by more than +2% from experiment -see Table 4 and Fig. 6 .
Closer inspection of Fig. 6 indicates that for monoanions, the experimental CCS values tend to fall slightly below the line predicted for the spheres. This, however, is within our uncertainty, since we calibrate the parameters for the trajectory calculations based on smaller fullerenes in the C 60 -C 96 range and by so doing essentially extrapolate to the larger fullerenes. With method 5, i.e. using empirical scaling factors (see above) we obtain the same results, i.e. giant fullerenes from our soot extract have more spherical rather than tubular structures. Without scaling factors (i.e. using method 1, the default parameters of IMoS) even the spheres have CCS slightly larger than experimental values, while the tubes' CCS are much larger, see ESI. † This shows that the assignment is robust: independent of the method we use, the spheres always fit the experimental data much better. For the dianions the experimental curve is in between spheres and tubes, but much closer to the spheres (calculated with method 4). Method 1 and 5 give even better agreement between spheres and experiment, see Fig. S4 and S5, ESI †. Therefore, we can clearly rule out tubular isomers in our giant fullerene sample. However, this does not mean that we observe only one isomer: even with the highest mobility resolution we can achieve (ca. 250 in the 300 Å 2 CCS-range, based on tunemix measurements) and for all fullerenes above C 100 we observe peak widths (CCS/DCCS) below 200, more typically around 170. This clearly shows, that several isomers must be present for each fullerene. Given that comprehensive DFT calculations of all IPR isomers were not possible in this size range, we cannot say for certain whether the spherical isomers used in our CCS calculations were in fact among the lowest energy isomeric forms of that particular cage size (keeping in mind that there are more than 400 IPR isomers for C 100 and literally thousands in the C 110 -C 150 range). Nevertheless, as can be seen in Fig. 7 , the mobilograms observed are narrow enough to rule out isomer distributions containing appreciable amounts of isomers with structures deviating significantly from spherical. We conclude, that our fullerene mix contains primarily near-spherical giant fullerenes.
Conclusions and summary
We have used trapped ion mobility spectrometry (TIMS) to obtain both high-precision (o0.5% statistical error) and high-resolution (CCS/DCCS 4 200) measurements of the ion mobility of fullerene ions (monocations, monoanions and dianions) ranging in size from C 60 to C 150 . The ions were generated by either electrospray ionization (ESI, for mono-and dianions) or by atmospheric pressure chemical ionization (APCI, for monocations) of a fullerene mix solution generated by ortho-dichlorobenzene extraction of fullerene soots produced by (lanthanum oxide doped) graphite-electric arc electric discharge.
In favourable cases, TIMS allows to identify (and separate) constituent isomers as demonstrated for C 78 (1) and C 78 (2) . Apart from more rapid analysis, an important advantage of ion mobility spectrometry over other separation techniques used for fullerenes such as HPLC is its relatively straightforward combination with theory. At least in principle, IMS allows not only separation of isomers but also direct identification via comparison of experimental TIMS CCS N2 values with trajectory calculations using candidate structures based on quantum chemical predictions. We have used this capability here to obtain structural information for fullerenes in the size range C 110 -C 150 -a size range which has not yet been accessed in condensed phase studies.
Fullerene TIMS data also allow to check and advance the DFT+TM based methodology for theoretical description of TIMS CCS N2 . Fullerene cages are of particular interest in this context because (i) they do not significantly change their structures over the range of charge states accessed, (ii) they are not polar, i.e. the partial charges on each atom are quite Fig. 7 Comparison of simulated (method 4) and measured mobilograms for large monoanionic fullerenes. Black: typical experimental mobilograms; red and blue: simulated (Gaussian mobilograms for sphere and tubular isomers, respectively, based on their calculated CCS (see Table 4 ) for an instrumental resolution of 200). The distributions for the spherical structures are in much better agreement with the experimental data than the tubular structures and the experimental peak width is only slightly bigger than the instrumental limit implying narrow isomer distributions. Note the small but systematic overestimation of CCS values even for the most spherical fullerene isomers. This deviation increases with cage size.
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small and their partial charge distribution can be reasonably well described by a Mulliken population analysis and (iii) there is a high-quality data set of condensed phase structures extending over a wide size range which can be used as starting points for DFT-based modelling of the isolated fullerene ions. Therefore, it becomes possible to more carefully look at the various interactions contributing to TIMS ''retention'' by way of trajectory method calculations. For this we used primarily the IMoS 1.09 package. 50, 51 We also obtained very similar results with the TM method implementations in Mobcal and Collidoscope programs. We found that trajectory method calculations using the published Lennard-Jones parameters for carbon can reproduce the experimental CCS within 3%. This is reasonably good, but not good enough to assign isomers, which in the case of fullerenes are expected to differ by less than 0.5%. Furthermore, the predicted CCS ratio between singly and doubly charged fullerene ions turns out to be off by several percent. Measurement and calculation can be reconciled to within 0.5% if we increase the polarizability of nitrogen from 1.74 Å 3 to 2 Å 3 and decrease the Lennard-Jones parameter s slightly. The rationale for this is the polarizability anisotropy of nitrogen, that is not taken into account in the calculations. With this adjustment, we find that we can not only reproduce the experimental TIMS CCS N2 values of C 60 -C 96 but also of all other fullerenes that have been characterized by X-ray diffraction, i.e. up to C 108 , to within 0.5%. This gave us confidence to extend our approach to even larger fullerenes in the range between C 110 and C 150 whose structures have not yet been determined in condensed phase. We focused on two limiting cases, ''tubular'' and ''spherical'' structures, and found that the giant fullerenes present in the soot extract are very close to the spherical limit.
The TM programs presently available for CCS modelling do a remarkably good job at describing the ion mobility of high (and even giant) fullerenes. In turn, fullerenes may be of use as well-behaved calibrants for high-resolution ion mobility studies extending over several different charge states. Isomeric purity is certainly an issue in this context but a further factor of two in TIMS resolution would open up fullerene isomer fractionation significantly beyond C 78 . Consistent with previous literature on TM modelling, we have assumed the same carbon-atom LJ parameters independent of charge state and fullerene cage size. Under these conditions we observe a slight but systematic size-dependent deviation between TIMS CCS N2 values and our best computational fits. This implies that fullerene LJ parameters are probably slightly dependent on atom count -perhaps reflecting systematic changes in cage curvature, pi-orbital axis vectors and orbital hybridization as the cage size increases. It would be interesting to probe such effects using an atomic collision gas such as argon thus eliminating uncertainties due to anisotropic polarizability and charge quadrupole interactions. This would allow to better investigate the relative contributions of hybridization and partial charges to overall TIMS CCS N2 values.
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